Abstract. In order to investigate fatigue characteristics of vulcanized natural rubber (NR), fatigue tests are carried out under various stress ratios R (R = minimum stress / maximum stress). It was considered that the fatigue cracks were initiated from flaws in very early stage of total life. The fatigue damage process was almost the fatigue crack propagation process and it is independent of R. The crack growth rate was proportional to the crack length to about the first power, when the crack length was defined as the length of the direction perpendicular to the loading direction. Miner's rule was examined to observe the fatigue crack behavior and checked by using two-step loading fatigue tests experimentally. It seems Miner's rule has a possibility to predict fatigue lives.
Introduction
NR is used as automotive engine mountings to block the transmission of vibration from an engine to a body. The mountings also receive variable and multiaxial loadings from the body by various driving conditions. On the other hand, NR is known to have the particular fatigue characteristics due to R [1, 2] . Recently, W. V. Mars reported fatigue lives correlate with the maximum principal strain under multiaxial loading [3] . But it seems that there is no research of fatigue life prediction applied Miner's rule under variable load. Miner's rule is applied to metals under actual variable load which include various R and it is expected to be applicable to NR. The fatigue characteristics of NR have to be made clear in order to establish a predictive method for the fatigue life. In this study, the fatigue characteristics of NR under several types of R were examined, and the rationality of Miner's rule to predict the fatigue life under multi-step loading was discussed.
Experimental procedure
Material and Specimen. The material used in this study is natural rubber vulcanized with sulfur and reinforced by carbon black. Fig. 1 shows the specimen configuration. Two types of specimens were used: One is the plain specimen, and the other is the artificial defect specimen. Artificial defect specimens were introduced small cracks (0.05-0.5 mm) by an edge of small razors on the surface of the specimens as fatigue crack initiation sites.
Testing Method. The fatigue tests were carried out under load controlled in the air at room temperature. The testing frequency f of the plain specimens were at 3Hz, and f of the artificial defect specimens were at 0.5Hz. Specimens were air-cooled with blower. In order to observe the fatigue damage, photographs of the surface of the specimens were taken at suitable intervals. Two typical tests are mainly shown in following sections: One is test b (R = -0.62, stress amplitude = 1.11 MPa, in the area B of Fig. 2 ), and the other is test c (R = 0.11, stress amplitude = 0.956 MPa, in the area C of Fig. 2 ).
Experimental results and discussion
Constant life diagram. Fig. 2 shows constant life diagram. It was made by using plain specimens. In the area A of the figure, the fatigue cracks propagated along the loading direction. In the areas B and C of the figure, the fatigue cracks propagated along the direction perpendicular to the maximum principal strain (not stress) in one cycle. The fatigue lives in the area C were as long as the fatigue lives in area B although high mean stresses were applied. The materials in area C is reinforced by the effect of the crystallization [1, 2] . In order to simplify the phenomena of the fatigue characteristics, testing loads for investigation were selected in the areas B and C. Fatigue characteristics of artificial defect specimen. An artificial defect was introduced at the center of specimen. Figs. 7 and 8 show the fatigue crack behavior of surfaces of tests b and c, respectively. In the both tests, the fatigue cracks initiated as soon as the cyclic loading started. Figs. 9 and 10 show the relations between crack growth rate dl/dN and crack length l. The crack length is defined as the length of the direction perpendicular to the loading direction. The crack shapes of test c look like X. The X shaped cracks were also observed in the plain specimen as shown in Fig. 11 . Fig. 11 (a) shows the fracture surface of another side of Fig. 6, Fig. 11 (b) shows X shaped crack at the origin of the fatigue crack. The crack growth rate of the plain specimen was higher than that of the artificial defect specimen when the fatigue crack achieved on the surface. But the crack growth rate of the plain specimen approached that of the artificial defect specimen as the number of cycles increased. The fatigue life of the artificial defect specimen was almost as same as that of the plain specimen. Therefore the fatigue damage process of the plain specimen is contemplated to be the fatigue crack propagation process and it is independent of stress ratio R. Two-step loading fatigue test. In order to check Miner's rule experimentally, two-step loading fatigue tests were carried out by using plain specimens. Table 2 shows two-step loading fatigue test conditions and results. Sums of n1/N1 and n2/N2 were larger than 1. Miner's rule might be affected the change of the stress levels between area B and area C.
Application of Miner's rule. Two essential assumptions are required to apply Miner's rule [4] : One is that cyclic load doesn't damage the region of the future crack pass and the crack growth rate is not influenced by the cyclic load. And the other is that crack growth rate dl/dN is proportional to crack length l. To examine the assumptions, 8 different sizes of artificial defects were introduced at the center of the specimen at even intervals. After cracks were initiated from 8 artificial defects, the crack growth rate of each crack was compared at the same crack length. The front regions of the each crack at the same crack length were experienced the cyclic load of the different number of cycles. Table 1 shows l at N=50000. Figs. 12 and 13 show the relations between dl/dN and l, there are no effect of l at N=50000. So, the first assumption is satisfied. Figs. 9, 10, 12 and 13 show that
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Progresses in Fracture and Strength of Materials and Structures dl/dN is proportional to l. So, the second assumption is satisfied. Because of these data, it is expected that Miner's rule is rational to predict fatigue life under multi-step loading within the same area B or C.
Summary
The results are summarized as follows. 1) Fatigue cracks were initiated from flaws in areas B and C.
2) It was considered that fatigue cracks were initiated from flaws as soon as a cyclic load started. So, fatigue damage process is almost fatigue crack propagation process.
3) Two essential assumptions for the application of Miner's rule were satisfied. 4) Miner's rule has a possibility to predict the fatigue life under multi-step loading because of the fatigue crack propagation behavior under a constant loading. But Miner's rule might be affected by the crystallization.
